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Introduction
New biomaterials for use in endodontics should facilitate dentine remineralization (Gandolfi et al. 2010 . Intracanal medicaments containing calcium hydroxide [Ca(OH) 2 ] are employed in regenerative endodontics (Kitikuson & Srisuwan 2016 ), but they have been associated with root fracture.
Calcium hydroxide powder in association with HAp, as a vehicle, has been proposed for this use (AlSanabani et al. 2013) . Nevertheless, HAp has poor mechanical strength and fracture toughness, which is a risk for its application in load-bearing areas (AlSanabani et al. 2013) . Zn-substituted HAp has been shown to possess enhanced bioactivity. This effect makes zinc attractive for use as a therapeutic agent in the fields of hard tissue regeneration (Matsunaga 2008) . In this study, two experimental HAp-based cements were compared, (i) calcypatite (composed by modified HAp particles and a calcium hydroxide-based paste) and (ii) oxiapatite (a combination of the HAp particles, and zinc oxide).
Foraminal and intracanal cleanliness is necessary for root canal treatment of teeth. The irrigation procedure may be undertaken with phosphoric acid (PA) or EDTA (ethylenediaminetetraacetic acid), but PA may damage the dentine collagen . EDTA does not completely remove noncollagenous proteins from dentine, so phosphoproteins are present (Termine et al. 1980) . It is well known that stabilized noncollagenous phosphoproteins are involved in biomineralization procedures due to their high affinity to Ca 2+ (Li et al. 2012) .
Raman spectroscopy is an analytical technique able to measure the molecular composition of dentine containing information regarding chemical changes within the samples (Kunstar et al. 2012 , Toledano et al. 2015 .
The combination of biochemical data with atomic force microscopy (AFM) techniques appears to be a valuable tool for dentine remineralization studies (Wang et al. 2017) . The aim of this study was to investigate the chemical and tribological changes occurring after treating the dentine surface with two different cleaner conditioners (PA vs EDTA), and the application of two canal sealers (calcypatite vs oxiapatite) at two time-points (24 h versus 21 days). The null hypothesis is that no changes in chemical and tribological properties were produced on dentine surfaces after sealer application.
Material and methods

Specimen preparation and cement application
Twenty-four human third molars, extracted for surgical reasons, without carious lesions were obtained after informed consent from donors (20-40 years of age), under a protocol approved by the Institution Review Board of the University of Granada (891/ 2014). The teeth were randomly selected and stored at 4°C in 0.5% chloramine T bacteriostatic/ bacteriocidal solution for up to 1 month; the storage medium was replaced weekly. A flat mid-coronal dentine surface ( Figure S1 ), one per tooth, was exposed using a hard tissue microtome (Accutom-50; Struers, Copenhagen, Denmark) equipped with a slow-speed, water-cooled diamond wafering saw (330-CA RS-70300, Struers,). A 180-grit silicon carbide (SiC) abrasive paper mounted on a water-cooled polishing machine (LaboPol-4, Struers,) was used to produce a clinically relevant smear layer (Koibuchi et al. 2001) . A 37% phosphoric acid gel was applied on the exposed dentine surfaces for 15 s, and copiously water-rinsed for 30 s, in half of the specimens (n = 12). On the other half (n = 12), EDTA-treated dentine, 0.5 mol L À1 was applied for 60 s, and copiously rinsed with water for 30 s. Two experimental hydroxyapatite-based cements were used: (i) calcypatite composed by modified hydroxyapatite particles and a calcium hydroxidebased paste and (ii) oxiapatite which is a combination of the hydroxyapatite particles and zinc oxide (ZnO). A detailed description of the chemicals and cements is provided in Table 1 .
The specimens were randomly divided into the following groups (n = 6) based on the hydroxyapatite-based cements (calcypatite versus oxiapatite) and dentineetching procedure [phosphoric acid (PA) versus EDTA]: (i) EDTA+calcypatite; (ii) PA+calcypatite; (iii) EDTA+oxiapatite; (iv) PA+oxiapatite. Half of the teeth in each group (n = 3) were stored for 24 h in simulated body fluid solution (SBFS) (Sigma-Aldrich, St Louis, MO, USA; Panreac Qu ımica SA, Barcelona, Spain) (Table 1) , and the other half (n = 3) for 21 days.
AFM imaging, nanoroughness and fibril diameter measurements
Dentine surfaces were polished with SiC abrasive papers up to 4 000 grits with a final polishing procedure performed with diamond pastes (Buehler-MetaDi, Buehler Ltd., Lake Bluff, IL, USA), through 1 lm down to 0.25 lm. The surfaces of the dentine discs were scanned using a tapping mode/atomic force microscopy (TM/AFM) (Nanoscope V, Digital Instruments, Veeco Metrology Group, Santa Barbara, CA, USA). The tapping mode was performed using a 1-10 Ohm-Cm phosphorus (n) doped Si tip. Changes in vertical position provide the height of the images, registered as bright and dark regions. The tip sample was maintained stable through a constant oscillation amplitude. A data scale of 1 504 lm and a slow scan rate (0.1 Hz) were employed. Three 15 9 15 lm and three 2 9 2 lm high and phase images were recorded from each surface at different positions. For each 15 9 15 lm image, five randomized (3 9 3 lm) were created to examine the intertubular (ID) and peritubular (PD) roughness of dentine. Nanoroughness (SRa, in nanometre) was measured using proprietary software (Nanoscope Software version V7). For each group, nine roughness values were included in the analysis, corresponding to the mean roughness value of each 15 9 15 lm image. Collagen fibril diameter was determined from the 2 9 2 lm images by section analysis using data that had been modified only by plane fitting. Five fibrils were analysed from each image. Measurements were corrected for tip broadening (Habelitz et al. 2002) by the equation e = 2r, where e is the error in the horizontal dimension and r is the tip's radius (Takeyasu et al. 1996) . For each group, nine fibril diameter values were included in the analysis, corresponding to the mean fibril diameter attained at each 2 9 2 lm image.
As the normality assumption of the data was valid, numerical data were analysed with two-way ANOVA, 
Raman spectroscopy and cluster analysis
The same dentine surfaces were, then, submitted to Raman analysis using a dispersive Raman spectrometer/microscope (Horiba Scientific Xplora, Villeneuve d 0 Ascq, France). A 785-nm diode laser through an X100/0.90 NA air objective was employed. The Raman signal was acquired using a 600 lines/mm grafting centred between 400 and 1 700 cm
À1
. Chemical mapping of the surfaces was performed. For each specimen, two 12 lm 9 12 lm areas of the surfaces at different sites were mapped, using 0.5-lm spacing on the X-axis and 0.5 on the Y-axis. The output from a clustering algorithm was basically a statistical description of the cluster centroids with the number of components in each cluster. Thus, chemical mapping was submitted to K-means cluster (KMC) analysis using the multivariate analysis tool (ISys â Horiba, Villeneuve d'Ascq, France), which includes statistical patterns to derive the independent clusters. The natural groups of components (or data) based on some similarity and the centroids of a group of data sets were found by the clustering algorithm once calculated by the software and the hierarchical cluster analysis (HCA). The biochemical content of each cluster was analysed using the average cluster spectra. The observed spectra were described at 400-1700 cm À1 with 10 complete overlapping Gaussian lines, suggesting homogeneous data for further calculations (Ager et al. 2005) .
As the cluster centroids are essentially means of the cluster score for the elements of cluster, the mineral and organic components of the dentine surface were examined for each cluster. A total of 625 points were performed per map. The number of clusters, three, was chosen according to several issues, such as the dendrogram structure, the false-colour maps and the cluster centroid (Bonifacio et al. 2010) . Each cluster was assigned to a different colour, thus obtaining a false-colour image of the substrate on the basis of similar spectral features. Clusters were created following Ward's technique and the dendrogram was calculated applying three factor spectra or principal components, corresponding with three different components at the dentine surface (red, blue and green). For each point of analysis, all spectra described for each cluster were averaged to obtain the mean cluster spectrum. At this point, the mineral (relative presence of minerals and crystallinity) and the organic components (normalization, cross-linking, nature and secondary structure of collagen) of dentine was assessed as in Timlin et al. (2000) , Kunstar et al. (2012) and Toledano et al. (2016) .
Results
AFM imaging, nanoroughness and fibril diameter measurements
Dentine surface roughness (SRa) was influenced by dentine treatment (P < 0.001 and P = 0.03 for intertubular and peritubular dentine, respectively) and by storage time (P < 0.001 and P = 0.04 for intertubular and peritubular dentine, respectively); interactions between both variables were also significant (P < 0.001 and P < 0.001 for intertubular and peritubular dentine, respectively). Model reliability for intertubular dentine roughness was 0.83 and 0.57 for peritubular dentine SRa.
Fibrils width was affected by dentine treatment (P < 0.001) and storage time (P < 0.001), and Collagen fibrils, the bandwidth of these fibrils and the wider bandwidth (faced arrows) with the staggered pattern of collagen fibrils are shown (pointers). AFM images of dentine treated with PA+calcypatite (e) and PA+oxiapatite (f). At both figures, a 15 9 15 lm surface plot image of the dentine surface is shown. Peritubular dentine is present (arrows) or absent (pointers). Extended mineral-depleted areas (double arrow) are reflected. Mineral tubular occlusion (asterisks) may be observed at the dentine surface. Some of these tubules figured completely occluded. Strong peritubular rings were formed at the entrance of some tubules (faced arrows) when zinc oxide was incorporated. AFM image (2 9 2 lm) of dentine surfaces treated with EDTA+oxiapatite at 21 storage time (g). The dentine surface was showed medium-sized fibrils that appeared mineralized, with protruding rounded forms. The undulating topography corresponded with mineralized collagen (pointer), mineral deposits (arrows). AFM image (2 9 2 lm) of dentine surfaces treated with PA+oxiapatite at 21 storage time (h). The dentine surface was covered by precipitated minerals (arrows). Underlying collagen fibres produced great prominence, resulting clearly visible (pointers).
interactions between variables were also significant (P < 0.001). Model reliability was 0.95. The lowest SRa values were achieved after treating the peritubular dentine (PD) with EDTA+oxiapatite at 24-h timepoint [3.33 (0.52) SRa]. Nevertheless, AFM maps at 2 9 2 lm scan zone revealed an undulated topography of the dentine surface made of mineral. Dentine surfaces treated with oxiapatite had remineralized dentine substrate at both peritubular and intertubular locations. Nevertheless, at 2 9 2 lm scan area, strongly remineralized collagen fibrils were observed (Fig 1h) . On peritubular dentine (PD) and following 24 h of study, dentine surfaces treated with PA+oxia-patite attained the highest (P < 0.05) SRa values.
Significant differences were not obtained when the width of the collagen fibrils was measured, amongst groups, at 24-h time-point. However, at 21 days dentine surfaces treated with both EDTA+calcypatite, and PA+oxiapatite had the highest collagen fibril diameter [299.1 nm (50.06) and 264.96 nm (14.04) are mean and standard deviations, respectively], amongst groups.
Raman spectroscopy and cluster analysis
After 21 days of study, mineralization decreased when EDTA was used for conditioning, except when RMC p was measured, that increased~1.7-fold (P < 0.05). On the contrary, mineralization was augmented in all cases when PA was employed (P < 0.05). At the 21-days time-point, samples treated with PA+oxiapatite attained the highest intensity of the phosphate peak (45.64) amongst groups (P < 0.05). The intensity of the carbonate peak at 1070 cm À1 significantly increased at both groups of dentine treated with PA+calcypatite and PA+oxiapatite when the Raman analysis was performed at 24 h and 21 days. In general, RMC c was raised, except in the group in which dentine was treated with PA+oxiapatite measured after 21 days which decreased (P < 0.05). The carbonated calcium phosphate v 2 (430, 451 cm À1 ) increased, in general terms, when EDTA was used as a conditioning agent with both calcypatite and oxiapatite at 24-h and 21-days time-points (P < 0.05). The use of PA as conditioning promoted a constant increase in carbonated calcium phosphate, regardless of the type of biomaterial applied on dentine. Nevertheless, the highest intensity peak obtained after 21 days was achieved by PA+oxiapatite (P < 0.01) ( Table 2) .
PA provoked a crystallinity increase (Table 2 ). This crystallinity significantly increase complied with an augmentation of the stoichiometric HAp when PA or EDTA were used, independent of the cement that was used (Table 2) . Dentine treated with PA+oxiapatite produced the highest band at v 1 (963 cm À1 ), stoichiometric HAp (P < 0.05) ( Table 2) . FWHM c diminished in general after conditioning with PA, and as a result, crystallinity was enhanced (P < 0.01) ( Table 2) .
Dentine treated with PA+oxiapatite gave rise to a significant increase of cross-linking of collagen when both pyridinium and AGEs-pentosidine were measured after 21 days ( Table 2 ). The nature and secondary structure of collagen, referred by the ratio A-I/A-III, significantly decreased when EDTA was used and increased after using PA as conditioning agent, regardless of the applied biomaterial. The highest augmentation (~3.78-fold) (P < 0.05) occurred when dentine was treated with PA+ calcypatite at 24-h time-point. Proteoglycans, indicated at 1062 cm À1 , significantly increased in dentine samples treated with PA+oxiapatite group at 21 days that increased~1.23-fold ( Table 2 ). The molecular orientation (1340 cm À1 peak) improved when EDTA + calcypatite was employed and specimens tested at 21 days, and when PA+calcypatite was applied and dentine analysed at any time-point (P < 0.05) ( Table 2 ).
Discussion
The presence of zinc oxide in the chemical formulation of endodontic sealers assures new crystalline HAp formation with improved clinical performance; noncrystalline amorphous-like apatite species were also encountered. Dentine surfaces treated with both EDTA+calcypatite and PA+oxiapatite had the highest bandwidth of collagen fibrils after 21 days of study (Fig 2b) . The growing of fibrils width and dentine remineralization are commonly associated (Bertassoni et al. 2010) . After 21 days of study, peritubular dentine treated with PA+oxiapatite had the lowest nanoroughness values amongst groups (EDTA+oxiapatite PA+oxiapatite). A decrease in roughness may be associated with a role of mineral maturation and it is a site of intrafibrillar remineralization (Zurick et al. 2013 ). This mineralization increase was assessed in dentine samples treated with PA+oxiapatite and compared with the control group, which attained the highest values of both phosphate peak and area, amongst the different groups, after 21 days of storage (Table 2 ). The corresponding HCA Raman images (clusters) (Fig 3d) and results (centroids) (Fig 3e) , and ZnO bioactivity of HAp cements Toledano et al.
Table 2
Raman intensities (in arbitrary units) of mineral and organic components in calcypatite and oxiapatite-treated dentine surfaces For the organic components, the peaks values had been normalized to the intensity of the Amide II band near 1510 cm-1. For the mineral components, the peak values had been normalized to the intensity of the symmetric phosphate band near 961 cm
À1
.
PA, Phosphoric acid; EDTA, Ethylene-diamine-tetraacetic acid; RMC, relative mineral concentration between mineral/phenyl (1003 cm À1 ); FWHM, full-width half-maximum; A, amide;
AGEs, advanced glycation end products.
Toledano et al. ZnO bioactivity of HAp cements
International Endodontic Journal, 50, e109-e119, 2017 thus the Raman intensities (Fig 3b) had a generalized increase of the phosphate peak, thus denoting greater presence of this mineral. At both v 1 954 and 963 cm À1 Raman intensities, dentine treated with PA+oxiapatite attained the highest peak values at 21-days storage time (Table 2) . These values became associated with the greatest mineralization of the dentine matrix (Kunstar et al. 2012) , at the expense of stoichiometric HAp (Timlin et al. 2000 ) (Fig 1f, h,e) . The presence of Zn 2+ in oxiapatite performs as Ca/P growth inhibitors (Hoppe et al. 2011) , indicating destabilization of the amorphous state (Barr ere et al. 2001) , favouring crystallinity at the new nucleated minerals and intrafibrillar mineralization of collagen (Toledano et al. 2015) . At 963 cm
À1
, the stoichiometric HAp also augmented in all cases, but the lowest rise was observed when EDTA was used as conditioning, independently of the type of biomaterial (Table 2) . Therefore, EDTA promoted a lower stoichiometric HAp, slowing down active dentine remodelling, with decreased maturity (Timlin et al. 2000) (Fig 1g) . The presence of a prominent carbonate band around 1070 cm À1 after using PA+oxiapatite (Table 2 ; Fig 3e) is significant because it shows the degree of carbonate substitution in the lattice structure of apatite (Salehi et al. 2013) , meaning an increase in carbonated apatite (Lee et al. 2002) . Carbonated apatite is a precursor of HAp, but when it is precipitated in the presence of zinc an exchange between Zn 2+ and Ca 2+ occurs in vitro forming a Figure 2 (a) Mean and standard deviation of nanoroughness (SRa) (nm) at sound dentine surfaces of the different experimental groups. Same letter indicates no significant difference between 24 h and 21 days storage groups. Identical number indicates no significant differences between the different experimental dentine surfaces. SRa was not measured at peritubular dentine when calcypatite was used as it was not observable during the test. Abbreviations: EDTA, ethylenediaminetetraacetic acid; PA, phosphoric acid; ID, intertubular dentine; PD, peritubular dentine. (b) Mean and standard deviation of fibrils width (nm) at sound dentine surfaces of the different experimental groups. Same letter indicates no significant difference between 24-h and 21-days storage groups. Identical number indicates no significant differences between the different experimental dentine surfaces. Abbreviations: EDTA, Ethylenediaminetetraacetic acid; PA, phosphoric acid.
substituted apatite compound (Mayer et al. 1994 Fig 3e) . Ratios concerning the cross-linking of collagen reflected a movement towards higher frequencies after treating the dentine surface with PA+oxiapatite at 21 days (Table 2) . This shift denoted a general rise at 1032 (pyridinium) and 1550 cm À1 (AGEs-pentosidine) on the dentine surface (Fig 3e) . The Raman intensities which evoke the ) intensities at the groups PA+calcypatite (a) and PA+oxia-patite (b), both at 21 days of storage time. Colour mapping from hierarchical cluster analysis (HCA) images corresponding to dentine surfaces treated with PA+calcypatite (c) and PA+oxiapatite (d), both at 21 days of storage time. Three levels of HCA clustering are shown. Areas of distinct colours have differences in Raman spectral distribution and chemical composition. Each cluster, corresponding to a different dentine remineralization stage, is assigned to a different colour (red, green and blue), thus obtaining a false-colour image of the substrate on the basis of similar spectral features. Spectra from hierarchical cluster analysis (HCA) results of dentine surfaces treated with PA+oxiapatite at 21 days of storage time (e).
nature and secondary structure of collagen, that is CH 2 (1450 cm
) and ratio amide I/A-III, (Table 2) slightly increased on dentine treated with PA+oxiapa-tite after 21 days of storage time (Table 2 ). This increase indicates recovery (Xu & Wang 2012) , better organization, improved structural differences and collagen quality (Salehi et al. 2013) . In the present work, proteoglycans increased when PA+oxiapatite was applied and assessed after 21 days of storage time (Table 2) . Proteoglycans act as bonding agents between the collagen network and the HAp crystals (Bakland & Andreasen 2012) .
On intertubular dentine, calcypatite application provoked SRa augmentation after 21 days, regardless of the type of conditioning. Nevertheless, the use of PA gave rise to a~5.33-fold greater increment of roughness in comparison with the use of EDTA (Fig 2a) . It is believed that the formation of specific mineral nodules on dentine might have favoured amorphous-bulk mineral precipitation in the extrafibrillar matrix, leading to an increase in the surface roughness (Zurick et al. 2013) . This demonstrated the low potential for effective dentine remineralization that was achieved when PA+calcypatite was applied.
These are, to the best of our knowledge, the only available results from Raman spectroscopy combined with morphological and tribological nano-characterization of dentine. Thus, the null hypothesis that was established, that no changes in chemical and tribological properties were produced on dentine by the sealer cements, must be rejected. Relative to complementary experimental techniques that ultimately illustrate the clinical reaction of dentine, field-emission SEM (FESEM), dark-field TEM (DF-TEM), high-resolution TEM (HRTEM), scanning transmission electron microscopy (STEM) and micro-XRD (l-XRD), and fuzzy cmeans cluster analysis (FCA) should be incorporated into the methodology, for future strategies of research. Therefore, the lack of these techniques may be considered as a limitation of the present study.
Conclusion
Dentine treated with PA+oxiapatite attained the greatest relative presence of minerals and calcification, thus providing an increase in both stoichiometric HAp and amorphous-like apatite species. The narrowing of the spectral peak width of carbonate indicated an increase in crystallinity when phosphoric acid was used, providing long degradation times for the new formed minerals. EDTA promoted the formation of a lower stoichiometric and crystalline HAp than phosphoric acid, favouring the active dentine remodelling and hindering maturity.
